in the presence of bFGF into immunocompromised mice revealed the formation of bone, cartilage, and adipose tissue. The donor hDPC-derived cells were labeled in the bone tissues located near the PLGA in the subcutaneous tissues of recipient mice using a humanspecific Alu probe. When cultured with a serum-free medium containing bFGF, the hDPCs strongly expressed STRO-1 immunoreactive products and sustained selfrenewal, and thus were almost identical in differentiation potential and proliferation activity to hDPCs cultured with the medium containing serum and bFGF. The present results suggest that the hDPCs cultured in the presence of bFGF irrespective of the presence or absence of the bovine serum are rich in mesenchymal stem cells or progenitor cells and useful for cell-based therapies to treat dental diseases.
Introduction
Many tissues in adult humans have been assumed to be incapable of self-regeneration if damaged as they did not possess an endogenous stem cell. However, recent investigations have shown that some adult tissues harbor cells with the capacity for regenerative repair. The fact that the stromal cells of adult bone marrow give rise to many non-hematopoietic lineages has been well documented (Vats et al., 2005) . The possibility for using autologous stromal stem cells from the bone marrow in cell-replacement therapy with no issues of rejection has engendered great research interest. More is known about the characteristics of multipotent bone marrow stromal cells (BMSCs) and their potential to develop into growth factor (bFGF) is not only involved in self-renewal of MSCs and the maintenance of their multilineage differentiation potential (Kato and Gospodarowicz, 1985; Tsutsumi et al., 2001) , but it also functions as a regulatory factor in hematopoietic stem cells, neural stem cells, and embryonic stem cells (ESCs) in maintaining stem-cell self-renewal (Yeoh and de Haan, 2007) . Furthermore, it has been reported that bFGF can exert a significant effect in vitro on the cell proliferation of human dental pulp stem cells (hDPSCs) isolated by a immunomagnetic bead selection (IMBS) method for STRO-1 (He et al., 2008) .
The use of antibodies/cytokines in patients has been associated with unforeseen adverse events in trials (Kang et al., 2004) . We must note that the side-effects of antibodies/cytokines are only beginning to be understood, and their clinical usefulness is therefore hard to predict. Among the cytokines and growth factors, bFGF is clinically proven, having demonstrated accelerated acute and chronic wound healing (Akita et al., 2005 (Akita et al., , 2006 . In a previous paper, we reported the identification and isolation of an odontogenic progenitor population from the dental pulp tissue of adult rats using a culture system with a medium containing bFGF (Morito et al., 2005) . Multipotent tooth germ progenitor cells might also be one of the candidates for regenerative cell therapy to treat liver diseases (Ikeda et al., 2008) . Consequently, the dental pulp might hold promise as a better source of adult stem cells than bone marrow. Actually, however, no conclusive investigation has been conducted on the biological potential of dental pulp cells. The purpose of the present study is therefore to characterize human dental pulp cells isolated and cultured in vitro and examine their cell differentiation potential grown on various tissue such as bone, cartilage, and adipose tissue in order to develop optimal strategies for therapies to combat dental diseases.
Materials and Methods

Samples and cell cultures
Normal human premolars and third molars were collected from outpatients aged 14 -24 years of age at the Dental Hospital of the Tsurumi University School of Dental Medicine under informed consent in accordance with approved guidelines set by the Ethical Committee of Human Subjects Research at Tsurumi University. Tooth surfaces were cleaned and cut around the cementumenamel junction by using sterilized dental fissure burs to reveal the pulp chamber. The pulp tissue was gently separated from the crown and root and then digested in a solution of 3 mg/ml collagenase type I (Wako osteoblasts, chondrocytes, adipocytes, myelosupportive fibrous-stroma, or perhaps even muscle and neural tissues (Kuznetsov et al., 1997 (Kuznetsov et al., , 2001 Azizi et al., 1998; Ferrari et al., 1998; Pittenger et al., 1999) . BMSCs are characterized by their high proliferative capacity ex vivo while maintaining their ability to differentiate into multiple stromal cell lineages.
Recent discoveries in the ability of some tissues in the adult (e.g., skin, liver, bone, and dentin-pulp complex) to repair or renew themselves indicates the presence of stem or precursor cells (Vats et al., 2005) . In histological examinations of dental pulp of deciduous teeth extracted from the patients with hereditary sensory and autonomic neuropathy type IV (HSAN-IV), we recognized the formation of a calcified membrane bone-like tissue within the dental pulp (Sato et al., manuscript in preparation) . By analogy, we speculated that the human dental pulp tissue might contain a population of multipotential stem cells and so be capable of self-regeneration. The use of autologous or allogeneic cells taken from adult patients might provide a more practical route for regenerative-cell therapies.
The inner pulp chamber of the teeth is filled with a nonhematopoietic connective tissue that is enclosed by mineralized dentin (Orchardson and Cadden, 2001 ). Embryologically, dentin and pulp are identical and should be considered together. In the process of tooth formation, interactions between epithelial cells and mesenchymal cells to differentiate into odontoblasts further the progress of tooth morphogenesis (Smith et al., 1995) . After tooth maturation, the dental pulp becomes relatively static, acting only in a reparative capacity in response to general mechanical erosion or disruption and dentinal degradation caused by bacteria. It is generally thought that these odontoblasts are supplied through the proliferation and differentiation of a precursor population, residing somewhere within the dental pulp tissue (Ruch et al., 1995) . Recent studies have reported a population of putative post-natal stem cells occupying perivascular niches of human dental pulp, revealed by immunoselection using the antibody, STRO-1 (Gronthos et al., 2000 (Gronthos et al., , 2002 Shi and Gronthos, 2003) . However, despite extensive investigations of tooth development and the various specialized tooth-associated cell types, the characteristics and properties of postnatal stem cells isolated from dental pulp have not yet been sufficiently studied from the point of view of regenerative medicine using mesenchymal stem cells (MSCs) for dental disease. MSCs, which can differentiate into various connective tissue cells, may be useful for autologous cell transplantation to defects in bone, cartilage, and tendons, if the MSCs can be expanded in vitro. Basic fibroblast the hDPCs were measured using the LSC after they were cultured with each medium for 6 days, fixed, and stained with PI. Details of cell analyses by the LSC are provided in previous publications (Bedner et al., 1997 Gorczyca et al., 1997) .
Enzyme assay for alkaline phosphatase activity
T h e s e c o n d a r y h D P C s w e r e s e e d e d i n t o 9 6 -w e l l plates (2 -5 10 5 cells/well) and incubated for 24 h at 37 . After an additional 9 days of incubation with media containing various different growth factors, alkaline phosphatase (ALP) activity was examined and compared. The cultured cells were rinsed once with 0.1 M phosphate-buffered saline (PBS; pH 7.4), and then ALP activity was assessed after an incubation of 10 minutes at 37 using 10 mM p-nitrophenylphosphate as the substrate in a 100 mM Tris-HCl buffer (pH 10.0) containing 5 mM MgCl2. The reaction was quenched by adding 1 N NaOH, and the absorbance at 405 nm was read on a plate reader (Bio-Rad Model 450, Hercules, CA, USA).
Alizarin red S and sudan black B stainings
The hDPCs cultured with the osteogenic differentiation medium were rinsed with PBS and fixed in 70% ethanol for 1h at 4 . The hDPCs were stained with 40 mM alizarin red S (Wako) for 10 min. Those hDPCs cultured with the adipogenic differentiation medium were fixed with 0.1 mol/l phophate-buffered (pH 7.4) 4% paraformaldehyde and stained in a 50% saturated solution of sudan black B (Wako) in 70% ethanol.
Immunohistochemistry
The differentiation potential of hDPCs in vitro was assessed using a human mesenchymal stem cell functional identification kit (R&D System, Minneapolis, MN, USA). The cells were placed on a sterile cover slip inserted into each well of a 24-well dish and harvested in each well at a density of 2.1 10 5 cells/cm 2 in adipogenic or osteogenic differentiation media. For the induction of chondrogenesis, at least 2.5 10 5 cells were transferred into a chondrogenic differentiation medium of a 15 ml conical tube and centrifuged at 200 g for 5 min at room temperature. The hDPCs in each medium were incubated for 14 -21 days at 37 in 5% CO2, and then fixed with 0.1 M phosphate-buffered (pH 7.4) 4% paraformaldehyde. Primary antibodies against STRO-1 (R&D System), runx2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), osteocalcin (R&D system), aggrecan Pure Chemicals, Osaka) and 4 mg/ml dispase (Sigma, St. Louis, MO, USA) for 1 h at 37 . The dental pulp sample from each individual was pooled, and single-cell suspensions were obtained by passing the cells through a 70-m strainer (Falcon, BD Labware, Franklin Lakes, NJ, USA). Single-cell suspensions (2.5 10 5 cells/well) of dental pulp were seeded into 10-cm culture dishes (Costar, Cambridge, MA, USA) with -modification of Eagle's medium ( -MEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; MP Biomedicals, Eschwege, Germany), 2 mM L-glutamin (Invitrogen), and 100 units/ml penicillin/100 g/ml streptomycin (Invitrogen) and then incubated at 37 in 5% carbon dioxide (CO2). Primary dental pulp cells were subcultured 3 to 4 times (2 10 5 cells/ml), after which secondary cultures from day 14 were harvested for further experimentation. The culture medium contained FBS (10 or 20%) and several bioactive substances (50 g/ml ascorbic acid, 10 mM -glycerophosphate, and/or 50 ng/ ml bFGF ).
To confirm the effects of bFGF on the self-renewal and maintenance of the pluripotency of hDPCs, we used a serum-free medium (Dulbecco's modified Eagles medium/ F12; Sigma) with ITS-X (Invitrogen), 10 mmol/l HEPES (Nakalai Tesque, Inc, Kyoto), antibiotics (penicillin and streptomycin), and 20 ng/ml epidermal growth factor (EGF; Sigma), 20 ng/ml bFGF and B27.
Laser scanning cytometry
The present study employed an approach to analyze the cell proliferation using a microscope-based laser scanning cytometer (LSC; Olympus LSC2, Tokyo). The LSC automatically measures laser excited fluorescence at multiple wavelengths and light scatter from cells on slides that have been treated with one or more fluorescent dyes in order to rapidly determine multiple cellular constituents and other features of the cells (Kamentsky et al., 1997) . Similar to flow cytometry, the LSC facilitates the rapid and highly accurate measurement of large cell populations (Deptala et al., 1998) . In addtition, the instrument offers the possibility of performing repeated measurements of the same cells, a feature useful for kinetic studies or for sequential cell staining with different fluorochromes. Cellular DNA was counterstained by the addition of 1 ml of a solution containing 50 g/ml of propidium iodide (PI; Sigma) and 100 g/ml RNase A (Sigma) for 30 min in a water bath at 37 .
The cells were placed on a sterile coverslip inserted i n t o e a c h w e l l o f a 2 4 -w e l l d i s h m o u n t e d u n d e r microscopic slides and analyzed by the LSC. At least 5 10 4 cells were analyzed per each cover slip. Cell cycles of photographed with a digital scanning system (Bio-Rad Laboratories).
Xenotransplantation
Approximately 4.0 10 5 of hDPCs were mixed with a biodegradable scaffold of 5 5 5 mm 3 CaP/PLGA prepared by combining poly(lactide-co-glycolide) (PLGA) with bioresorbable calcium phosphate (CaP) cement particles (Guan and Davies, 2004) and cultured in -MEM with or without 50 ng/ml of bFGF for 2 weeks. Some of the specimens for transplantation were prepared for scanning electron microscope (SEM) to assess the cell attachment on the PLGA foam (data not shown). The PLGA foam combined with hDPCs was cultured in sterilized PBS for 3 h before transplantation and then transplanted into the subcutaneous tissues of the dorsal surface of 10-week-old immunocompromised mice (CanN.Cg-Foxn1 nu /CrCr1j) as previously described (Morito et al., 2005) . All procedures were performed according to strict guidelines set forth by the Tsurumi University Committee on Intramural Animal Use. The transplants were recovered at 5 and 10 weeks posttransplantation, fixed with 0.1 M phophate-buffered (pH 7.4) 4% paraformaldehyde, decalcified with buffered 10% EDTA (pH 7.4), and then embedded in paraffin. Sections (5 m-thick) were cut, deparaffinized, and stained with hematoxylin and eosin (HE) or subjected to the above-mentioned immunohistochemistry.
(R&D system), and FABP-4 (R&D System) were used. Each specimen was incubated using a secondary antibody labeled with Alexa Fluor 488 or 546 (Invitrogen) and counterstained with 4',6-diamidino-2-phenylindole (DAPI; Roche Diagnostics, Mannheim, Germany). In addition, to assess the ratio of STRO-1-immunolabeled cells, we visualized the immunoreactive products as follows. The sections were treated with 0.3% hydrogen peroxide (H2O2) in 100% methanol for 20 min to block endogenous peroxidase activity and then incubated with normal goat serum (DAKO, Glostrup, Denmark) diluted 1 : 5 for 30 min, followed by an overnight incubation in the mouse anti-human STRO-1 diluted 1 : 200. The sections were then incubated with biotinylated goat anti-mouse immunoglobulins (DAKO) diluted 1 : 600 for 30 min, and finally incubated with peroxidase-conjugated streptavidin (DAKO) diluted 1 : 300 for 30 min. Immunoreaction was visualized by using 0.025% 3,3-diamino-benzidine tetrahydrochloride (DAB; Sigma) in a 0.05 Tris-HCl buffer (pH 7.4) containing 0.01% H2O2 for 3-5 min. All antibodies were diluted with 0.1 M PBS containing 1% BSA (Sigma) and 0.03% Triton-X 100, and all sections were rinsed in PBS containing 0.03% Triton-X 100 between all steps, which were done at room temperature.
Immunohistochemical controls were performed by replacing the primary antibodies with normal non-immune serum. The immunoreaction was completely absent in controls.
Cell enumeration of STRO-1-immunolabeled cells
The number of STRO-1-positive cells per unit area (0.038 mm 2 ) was determined on clearly stained cryostat sections from the hDPCs cultured in the presence or absence of bFGF using an Olympus microscope (40 objective lens and 3.3 eyepiece graticule), and the ratios of labeled cells to total cells were calculated. Twenty representative sections in each condition were examined, and the number of labeled cells was determined in three to five fields per section. For the assessment of labeled cells, only those revealing a distinct nucleus were counted.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
S i n g l e -s t r a n d c D N A w a s p r e p a r e d f r o m 3 g o f each total RNA sample isolated from hDPCs using a Pharmacia Ready-to-go T-primed first kit according to the manufacturer's protocol (Amersham-Pharmacia Biotech, Piscataway, NJ, USA). PCR conditions were performed as previously described ( Fig. 1 ; Nagano et al., 2003) . PCR products were separated on 1.5% agarose gels and 
Statistical analysis
Experimental values for ALP acitivity levels, ratios of cells in the S-phase, cell numbers, and the ratios of STRO-1-expressed cells were given as mean S.D. The statistical significance of differences was assessed using Student's t-test. A P value of less than 0.05 was judged to be statistically significant.
Results
Human dental pulp cell proliferation in vitro
Cell numbers and the ratios of cells in the S-phase in incubation with bFGF were significantly higher than for incubation without bFGF (Fig. 2) . We could not confirm any significant difference in cell numbers ( Fig. 2A) or the ratios of cells in the S-phase (Fig. 2B) between cultures with the media containing 10 or 20% FBS. The addition of ascorbic acid (a.a.) into the medium did not significantly change cell numbers and the ratios of cells in the S-phase.
In situ hybridization
A human-specific Alu probe (Novick et al., 1995) labeled with dinitrophenyl (DNP) was used for in situ hybridization (Fig. 5B) . Unstained sections were deparaffinized and subsequently hybridized using the Ventana Alu Positive Control Probe II, ISH/VIEWBlue Plus Detection Kit and accessory reagents in conjunction with an automated slide stainer (Ventana HX system discovery/20, Ventana Japan, Yokohama), according to the manufacturer's protocol.
Transmission electron microscopy
Some of posttransplantation specimens were cut into 5 -10 mm squares and fixed in 0.1 M cacodylatebuffered (pH 7.3) 2.5% glutaraledyhyde for 2 -3 h at room temperature. The decalcified samples were postfixed with 1% osmium tetroxide dissolved in a 0.1 M phosphate buffer (pH 7.4) for 1 h at room temperature. The tissue blocks were dehydrated and embedded in Epon 812. Semithin sections (0.5 -1.0 m in thickness) were stained with 0.5% toluidine blue for light microscopy, and ultrathin sections (100 nm in thickness) were doublecontrasted with uranyl acetate and lead citrate and examined with a JEOL-1200EX electron microscope (JEOL Ltd, Tokyo) at an accelerating voltage of 80 kV. After 2 -3 weeks of culture with the osteogenic-, chondrogenic-, adipogenic-induction cocktail, the expression of respective specific markers was identified in hDPCs ( Fig. 4I-N) . The hDPCs cultured with the osteogenic differentiation medium were strongly stained with alizarin red S (Fig. 4K ), indicating that they had the mineralizing capability of differentiated osteoblasts. The hDPCs cultured with the adipogenic differentiation medium generated lipid and fatty acid (Fig. 4M) . These results were further confirmed by the immunoreaction (Fig. 4I, J, L, N) or expression of mRNA (Fig. 4O) for runx2, osteocalcin, aggrecan, or FABP-4. The immunoreactive products of runx2 appeared to be located in both the nucleus and cytoplasm, whereas other immunoreactions were found exclusively in the cytoplasm.
When cultured with a serum-free medium containing bFGF for 6 days, the hDPCs strongly expressed STRO-1 immunoreactive products ( Fig. 6A ) and had elevated proliferation (Fig. 6C, D) ; they were almost identical in their differentiation potential and proliferation activity to hDPCs cultured with the medium containig 20%FBS/ bFGF (Fig. 6A-D) .
Osteogenic, chondrogenic, and adipogenic differentiation in mice that received transplanted hDPCs
Membrane bone-like tissues (Fig. 7A) were recognized around the PLGA in the HE-stained sections 10 weeks after transplantation, but such structures were not found in xenografts without hDPCs, and the fibrous connective tissue exclusively occupied them. A bone-forming capability was indicated by the presence of osteoclasts and osteocytes in the newly formed bone matrix, together with a cuboidal-shaped active osteoblast lining on the matrix surface (Fig. 7A) . The hDPCs cultured in the presence of bFGF were labeled by in situ hybridization using a human-specific Alu probe (Fig. 7B) .
Furthermore, the donor hDPC-derived cells were identified in the bone tissues located near the PLGA in the subcutaneous tissues of recipient mice using a human-specific Alu probe (Fig. 7C) , but no cells labeled with Alu-probe were detected in the trans plants of the PLGA without hPDCs (Fig. 7D) . Also, multi-nucleated osteoclasts were not detected in the transplants of PLGA/ hDPCs using a human-specific Alu probe (Fig. 7C) . Thus, osteoclasts shown in the HE-stained sections (Fig. 7A ) might be derived from the recipient tissue. Immunohistochemical studies of xenografts showed that 5 to 10 weeks after transplantation some hDPCs differentiated into osteoblasts (Fig. 7E, F) , chondrocytes
Differentiation capabilities of hDPCs in vitro
The ALP-activity of cultured hDPCs was signific a n t l y s u p p r e s s e d b y b F G F i n s p i t e o f a . a . a n d -glycerophosphate ( ) (Fig. 3) . The hDPCs cultured in the presence of bFGF expressed STRO-1 more intensely than those without bFGF (Fig. 4A -H) . The hDPCs cultured with the medium containing both a.a. and bFGF (Fig. 4G, H) were very similar in their expression of STRO-1 to those cultured with the medium containing bFGF alone (Fig. 4E, F) . The ratio of hDPCs expressing STRO-1 was 65.6 8.29% in the culture with bFGF, w h e r e a s t h a t o f S T R O -1 -e x p r e s s e d h D P C s w a s 8.7 3.81% in the incubation without bFGF. Thus, bFGF exerted a siginificant effect on the ratio of hDPCs immunoreactive for STRO-1 (Fig. 5) . The addition of a.a. into the culture medium failed to influence any expression of STRO-1 (Fig. 4C, D) . There was not very much difference in the expression of STRO-1 between hDPCs cultured with the medium containing 10 or 20% FBS ( Fig. 4A-H) . Fig. 3 . ALP activity of the hDPCs cultured with each conditioned medium for 6 days. Ascorbic acid (a.a.) strongly stimulates the ALP activity of hDPCs, whereas the medium containing bFGF significantly suppresses its activity. Furthermore, the addition of bFGF significantly inhibits the ALP activity increased by ascorbic acid.
* P<0.05. SM cultured with the standard medium; FGF cultured with the standard medium containing bFGF; a.a.+b+FGF cultured with the standard medium containing ascorbic acid, -glycelophosphate, and bFGF; a.a. cultured with the standard medium containing ascorbic acid. D) . Those cultured with the medium containing bFGF strongly express STRO-1 (E -H). Alizarin red S staining reveals obvious calcium mineral deposits (red color) in the hDPCs cultured with the osteogenic differentiation medium (K). The hDPCs cultured with adipogenic differentiation medium exhibit a lipid and fatty acid deposit (dark blue color) stained with sudan black B staining (M). The hDPCs after 14-21 days of culture with the osteogenic, chondrogenic, or adipogenic differentiation media show the immunoreaction and expression of mRNA (O) for runx2 (red; I)/osteocalcin (red; J), aggrecan (green; L), or FABP4 (green; N), respectively. Cell nuclei were stained with DAPI (A -I, J -N). Scale bars = 100 m Subcutaneous transplantation of hDPCs indicated that transplanted hDPCs were capable of forming bone, cartilage, and adipose tissue in vivo.
T h e h D P C s c u l t u r e d i n t h e p r e s e n c e o f b F G F irrespective of the presence or absence of the bovine serum might be both useful and reliable for cell-based therapies. During the past few years, several studies have shown the apparent plasticity of adult stem cells, which have the ability to differentiate to cell types other than the tissue of origin (Vats et al., 2005) . Recent findings have identified post-natal stem cells isolated from various tissues, including bone marrow, neural tissue, skin, retina, dental epithelium, and dental pulp (Harada et al., 1999; Fuchs and Segre 2000; Blau et al., 2000; Gronthos et al., 2000; Bianco et al., 2001) . Stem cells are generally defined as clonogenic cells capable of both self-renewal and multi-lineage differentiation. The stem cell factor, the pleiotropic ligand for the tyrosine kinase receptor (c-kit), has been demonstrated in human dental pulp by Western analysis (Gagari et al., 2006) . Previous studies have shown that stem cells isolated from the pulp of adult human teeth and expanded in vitro showed an 9% positivity for STRO-1, an antibody that recognizes a cell surface antigen present on precursors of various stromal cell types including marrow fibroblasts, osteoblasts, chondrocytes, adipocytes, and smooth muscle cells isolated from human adult and fetal bone marrow (Simmons and Torok-Storb, 1991; Oyajobi et al., 1999; Dennis et al., 2000) . The expression of STRO-1 is progressively lost after cell proliferation and differentiation into mature osteoblasts in vitro (Stewart et al., 1999; Ahdjoudj et al., 2001) . Thus, STRO-1 seems to be an early marker of different mesenchymal stem cell populations. In the present experiment, we used STRO-1 as a marker of stem cell populations obtained from the dental pulp. Approximately 60% of cells isolated from the dental pulp were immunoreactive for STRO-1 in vitro when they were cultured in the presence of bFGF.
Recent findings have shown that bFGF can stimulate cell proliferation in vitro, while TGF 1 induces cells to odontoblastic differentiation (He et al., 2008) . Therefore, bFGF might be an important factor for the self-renewal and maintenance of the multilineage differentiation potential of hDPCs.
Our results suggest that the human dental pulp contains dental pulp stem cells (DPSCs) that have the ability for differentiation into odontoblasts, osteoblasts, and neural cells (Gronthos et al., 2000 (Gronthos et al., , 2002 Bianco et al., 2001; Laino et al., 2005) . It has been reported that DPSCs cultured in the absence of bFGF can differentiate into odontoblast-like cells (Gronthos et al., 2000 (Gronthos et al., , 2002 Shi and Gronthos, 2003) . In an in vitro experiment (Fig. 7G ), or adipocytes (Fig. 7H) immunoreactive for runx2/osteocalcin, aggrecan, or FABP-4, respectively. Observation by electron microscope in the xenograft of a 5-week transplantation confirmed osteoblast-like cells, which came in contact with the adjacent cell via a junctional apparatus (Fig. 7I) , and multinucleated osteoclast-like cells, which exhibited well-developed ruffled borders and lysosomes in their cytoplasm (Fig. 7J) . Moreover, calcified structures were sparsely distributed in the xenograft (Fig. 7K) .
Discussion
In the present study, cells with the characteristics of adult stem cells were isolated from the dental pulp of human premolar and third molars. We documented that highly proliferating cells were derived from enzymatically disaggregated adult human dental pulp cells (hDPCs), which seemed to include numbers of human dental pulp stem cells (hDPSCs) that have a highly proliferative capacity and the ability to differentiate into osteoblasts, adipocytes, and chondrocytes in vitro and in vivo. When the cells were cultured with osteogenic differentiation media for 14 days, mineralized areas, together with osteogenic differentiation evidenced by alizarin redstaining and runx2/osteocalcin contents, were observed. According to Gronthos et al. (2000) , DPSCs exhibited a higher proliferation rate than bone marrow stem cells (BMSCs) in vitro. This may be attributed to the developmental state of the respective tissues because the third molars used in their experiments are the last permanent teeth to fully develop and erupt and so are at an earlier state of development compared with adult bone marrow. However, in our experiment, both the stem cells from premolars and third molars exhibited almost the same proliferating ability. Moreover, the present study indicated that DPCs maintained their high rate of proliferation even after extensive subculturing.
In the xenografts at 10 weeks after the transplantation of the hDPCs cultured in the presence of bFGF, the expression of runx2, osteocalcin, aggrecan, and FABPwith DPSCs, bFGF exerted a significant effect on cell proliferation, while TGF 1 induced an odontoblastlike differentiation of DPSCs (He et al., 2008) . In the present experiment, we could not find the odontoblast-like polarized cell appearance of DPCs in the xenotrasplants within recipient subcutaneous tissues. However, the present results do not rule out the possibility that DPCs cultured in the presence of bFGF have the capability to differentiate into odontoblast lineages and thus to form dentin-pulp-like complexes. The DPCs cultured in the presence of bFGF might obtain more undifferentiated characteristics than those cultured in its absence, Their tissue-specific differentiation seems to be dependent on their state of differentiation and commitment, as well as the microenvironment in which they are located. differentiate into a large number of somatic cell types (Amit et al., 2000; Xu et al., 2001) . The upregulated FGF signaling components identified in ESCs include FGF-2, FGF-11, and FGF-13, as well as all four FGF receptors (FGFR; Dvash et al., 2004; Skottman et al., 2005) . The expression of the FGFRs in undifferentiated cells follows a specific pattern, with FGFR1 being the most abundant receptor and the other receptors showing a lower expression in the following order: FGFR3 > FGFR4 > FGFR2 (Dvorak et al, 2006) . It is interesting that the most abundant receptor, FGFR1, is the dominant target of exogenous bFGF. It is now clear that bFGF signaling is unconditionally required for the sustained self-renewal and pluripotency of hESCs. In the present study, the culture in the presence of bFGF maintained a lower ALP activity and cellular differentiation of hDPCs than that in the absence of bFGF. The hDPCs cultured with the medium containing bFGF were adherent, increased in number, expressed STRO-1 more strongly than that without bFGF. Previous studies have shown that bFGF is a potent mitogen for BMSCs and that incubation with bFGF maintains the multilineage differentiation potential of BMSCs throughout many mitotic divisions (Kato and Gospodarowicz, 1985; Tsutsumi et al., 2001) . Furthermore, studies with bFGF-knockout mice have shown that BMSCs from bFGF-knockout mice have poor osteogenic potential in vitro (Montero et al., 2000) . However,our understanding of the basic molecular mechanisms regulating this effect remains quite limited. Recently, it was reported that a transcriptional coactivator with the PDZ-binding motif (TAZ) protein functions as a coactivator of runx2, which is a master regulator of osteoblast differentiation in mesenchymal stem cells (Hong et al., 2005) . Simultaneously, it functions as a 4 was immunohistochemically confirned and the organization of adipose tissue and membrane bone was confirmed in the HE-stained specimen, while the expression of osteocalcin, aggrecan, or FABP-4 was not confirmed in the control transplants of only PLGA without hDPCs. Based on the current findings, we postulate that DPCs might have a broader capacity for differentiation than originally thought. Although it seems probable that several different cell types reside in pulp tissue, adipocytes are not normal cellular components in the dental pulp. In the present study, the donor DPCsderived cells distributed in the xenotransplants within recipient subcutaneous tissue were detected by in situ hybridization using a human-specific Alu probe. These findings strongly suggest that the hDPCs were involved in the formation of membrane bone.
The FGF-2 (bFGF) used in the present study is a heparin-binding growth factor which occurs in several isoforms resulting from alternative initiations of translation (Okada-Ban et al., 2000; Rosenblatt-Velin et al., 2005) . The bFGF has pleiotropic roles in many cell types and tissues. For instance, it is a mitogenic, angiogenic, and survival factor which is involved in cell migration, cell differentiation, and a variety of developmental processes (Tran-Hung et al., 2006) . The use of bFGF as a therapeutic agent for the treatment of ischemic cardiovascular disease is promising, and clinical trials are in progress (Laham et al., 1999) . Moreover, bFGF is critical for the proliferation of the hemangioblast, the common progenitor of hematopoietic and endothelial cells, and the proliferation of neural stem cells (Rosenblatt-Velin et al., 2005; Lee et al., 2005) . It is widely accepted that human ESCs require exogenous bFGF to sustain their self-renewal and the capacity to Fig. 7 . HE-staining, in situ hybridization using an Alu-specific probe, and immunohistochemistry for runx2, osteocalcin, aggrecan and FABP-4 in the paraffin section from 10-week transplants of PLGA with (A, C, E -H) or without (D) hDPCs. Bone tissue can be recognized adjacent to the PLGA ( ) in the HE-stained section (A) from 10-week transplants of PLGA with hDPCs, but not in transplants of PLGA without hDPCs (D). Bone formation is indicated by the presence of osteocytes and osteoclasts (black arrows) in the newly formed bone matrix, together with cuboidalshaped active osteoblasts lining the matrix surface (A). Figures B and C show in situ hybridization using human-specific Alu sequences labeled with DNP as a probe in hDPCs cultured with the medium containing bFGF and in the transplant of PLGA with hDPCs into immunocompromised mice, respectively. Blue precipitates of in situ hybridization using the specific Alu sequence are detected in the nuclei of hDPCs. No Alu-probe labeling was detected in the transplant of PLGA without hDPCs (D). The positive immunoreaction against runx2 (red; E), osteocalcin (red; F), aggrecan (green; G), and FABP-4 (green; H) predicts the formation of bone, cartilage, and adipose tissue, respectively. The Insets in F -H show higher magnified views of the immunoreactive material for osteocalcin, aggrecan, and FABP-4 distributed in the cytoplasm, respectively. Cell nuclei were stained with DAPI (E -H). From electron micrographs (I -K) of 5-week transplants of PLGA with hDPCs, they seem to be involved in osteogenesis because an osteoblast-like cell with junctional apparatus (white arrows; I), osteoclast-like cell with multiple nuclei (N) and ruffled border (RB; J), and the mineralized structure (M; K) are observed. PLGA. Scale bars = 100 m (A-H), 2 m (I-K) co-repressor of the peroxisome proliferator-activated receptor (PPAR ), which is a master regulator of adipocyte differentiation. Furthermore, the reduction of the TAZ protein expression level in osteoblast-like cells by treatment with bFGF is mediated by a stressactivated protein kinase/c-Jun N-terminal kinase (SAPK/ JNK) that is downstream of the FGF signal transduction pathway (Eda et al., 2008) . Further investigations will be required to clarify the molecular regulation of bFGF signaling involved in the self-renewal and maintenance of the pluripotent status of hDPCs. The method used in this study is very useful for easily obtaining stem cells from the dental pulp. Furthermore, recent studies have reported that human dental pulp stem cells isolated from the pulp of the third molars may serve as suitable sources of multipotent stem cells for future tissue engineering strategies and cell-based therapies, even after cryopreservation (Zhang et al., 2006) . The present investigation strongly supports the contention that hDPSCs-enriched hDPCs cultured in the presence of bFGF may be useful for regenerative medicine, if serumfree or autologous serum containing media are used.
